[1] The atmospheric effect relating with 11-year solar cycle is investigated with a focus on stratospheric ozone variation and its correlation with temperature variation. A threedimensional chemical transport model forced by a general circulation model has been integrated, where the dynamical field is assimilated into reanalysis data every time-step, for two different experiments. The photolysis rates of one experiment are calculated through an observational time series of the solar ultraviolet irradiance, and for the other experiment the averaged irradiance is used. 
Introduction
[2] One of the natural causes of climate change is the solar irradiance variability with an 11-year cycle. Although the total irradiance changes associated with the solar cycle are negligible (0.1%), much larger variations (4 -8%) are found in the ultraviolet (UV) range of 200-250 nm [e.g., Lean et al., 1997] , of which band is crucial for ozone photochemistry in the atmosphere.
[3] When we investigate sun-atmosphere relationships, an abundance of observational data sets of meteorological (dynamical) quantities are usable. In contrast, observations of the atmospheric chemical species are limited both spatially and temporally. Consequently, investigations conducted thus far have been done mainly in terms of dynamics, with observational [e.g., Labitzke, 1987; Kodera and Yamazaki, 1990] and model [e.g., Matthes et al., 2004] studies. Because of their focus on dynamics, these model studies have used general circulation models (GCMs) and treated atmospheric ozone as simple (zonal and persistent) and external conditions. The conditions, i.e. ozone distributions, are calculated in advance by other time-sliced simulations using two-dimensional models under the fixed solar maximum or minimum irradiance, and then the ozone conditions are externally installed into the GCMs. Although these investigations have disclosed that the solar irradiance change correlates with the atmospheric changes (e.g., temperature distribution and the meridional circulation), no standardized explanation exists for the mechanism by which the 11-year solar cycle affects the atmosphere.
[4] Some chemistry-climate models (CCMs), which are subject to observed solar irradiance and have ozonetemperature interaction, have recently been used to investigate the solar signal in the atmosphere in terms of not only dynamics but also chemistry [e.g., Lee and Smith, 2003; Egorova et al., 2004] . With these CCMs, both chemical and dynamical impacts of the 11-year solar cycle can be analyzed in detail. Indeed, the chemical and meteorological variations are physically consistent with each other in CCMs, but systematic errors in both chemistry and dynamics simultaneously deteriorates the robustness of the model results.
[5] We therefore simulate chemical constituent fields in the stratosphere using meteorological reanalysis data, historical (transient) solar irradiance data, and a chemical transport model (CTM) without ozone-radiation feedback processes in order to reduce the systematic errors in CCMs. Then we compare the solar signal of meteorological components with that of ozone simulated by the CTM. The meteorological variations of this reanalysis include the 11-year solar signal as well as the quasi-biennial oscillation (QBO) and volcanic signals existing in the actual atmosphere [Crooks and Gray, 2005] . Photodissociation coefficients generated in the CTM are derived from the actual solar irradiance, which varies quasi-decadally. Consequently, the simulated ozone variation includes the solar signal which is physically consistent with the meteorological variations; at least, the signal is more plausible than that of CCMs because the reanalysis data has fewer systematic errors in dynamics than GCMs' data.
Model and Analysis
[6] To study atmospheric ozone changes, we have developed a CTM named MJ98-CTM , which is executed with MJ98-GCM [Shibata et al., 1999] , at the Meteorological Research Institute of the Japan Meteorological Agency.
[7] The chemical module of MJ98-CTM includes 49 chemical species, which are determined by 79 gas phase, 34 photolysis, and 9 heterogeneous reactions. Thirty-four long-lived species are transported with a hybrid semiLagrangian scheme, which is horizontally an ordinary semi-Lagrangian scheme and vertically a mass-conserving flux-form scheme. The photolysis rates are calculated every time-step with a look-up table in the spectral range between 116.3 and 735.0 nm. Temperature, pressure, and wind velocities used in the chemical module are generated by MJ98-GCM.
[8] MJ98-GCM, a spectral GCM, is configured in this study with T21 horizontal truncation (64 by 32 in longitude and latitude '5.6 by 5.6 degrees) and 45 vertical layers from he surface to 0.01 hPa. The meteorological fields are assimilated into the European Centre for Medium-range Weather Forecasts (ECMWF) Re-Analysis (ERA-40), which covers the years from 1957 to 2002 and the altitude range from the surface to 1 hPa, using the Newtonian relaxation method. In addition, only wind components are assimilated because the relaxation for temperature or humidity produces additional diabatic heating or cooling, which induces an artificial meridional circulation, resulting in an unfavorable effect on the simulated atmosphere [Miyazaki et al., 2005] . The relaxation is applied for the region above 850 hPa, because the vertical spacing of ERA-40 is too coarse below 850hPa to sufficiently resolve the planetary boundary layer.
[9] The solar irradiance used for the chemical module was compiled by Lean et al. [2001] ; the data set contains monthly mean UV irradiance from 120 to 735 nm, derived from ground-based and space-based observations. The 11-year solar cycle varies not only the UV irradiance but also energetic electron precipitation (EEP) and solar proton events (SPEs), so that the solar signal of stratospheric ozone is affected by EEP and SPEs through odd nitrogen (NOy) enhancement [e.g., Callis et al., 1998; Jackman et al., 1995] . MJ98-CTM, however, does not include treatments for EEP and SPEs because those effects on the ozone solar signal are supposed to be limited mainly over polar regions in the stratosphere and to be temporally sporadic.
[10] We perform two kinds of 44-year simulations, from 1957 to 2000, under the same conditions except only the solar flux: Exp-I uses a time series of monthly mean irradiance including interannual variations (transient solar flux) to reproduce the real atmosphere, and Exp-II uses the averaged irradiance without interannual variations (climatology solar flux).
[11] Such atmospheric components as the wind, temperature, and ozone concentration exhibit variability over a wide range of timescales. In addition, both the cycle period and amplitude of the quasi-decadal solar variation differ from one cycle to another. Therefore, to extract the solar cycle signals included in those components, a multiple linear regression statistical analysis is applied to the simulation results. We assume that the primary components of variability for the wind, temperature, or ozone consist of seasonal harmonic terms, a linear trend term, QBO terms, a volcanic term, and a solar term. Thus an empirical model,
is fitted for monthly mean time series at each grid-point using the least-squares method. The seasonal harmonic components are removed using a low-pass filter. Equatorial zonal wind (2.8°S-2.8°N) at 50 hPa of MJ98-GCM is used as the QBO index (X QBO ); the solar irradiance observation at wavelength 10.7cm (F10.7) is used as the solar index (X solar ); the stratospheric aerosol optical depth time series from Sato et al. [1993] (updated data are available online at the authors' Web site) is used as the volcanic eruption index (X volcanic ). The QBO terms consist of three phases which are delayed for 0, 6, and 13 months from the index. Time lags in the QBO (L QBO ) or solar term (L solar ) are determined to yield the largest correlations at each grid-point.
Results and Discussion
[12] Figure 1b illustrates the zonal mean solar signal of ozone mixing ratio in Exp-I, transient solar flux run including photochemical and meteorological combined impact, for 22 years from 1978 to 2000. We have omitted the period 1957 -1977 from the regression analysis because the solar signal extracted from this period is not clear in the lower stratosphere (not shown). One possible cause of this lack of clarity is that the accuracy of the reanalysis is not good before the 1970s [Crooks and Gray, 2005] . The ozone mixing ratio changes are expressed by percentage per 130 units (Wm À2 Hz À1 ) of F10.7 because 130 units is the approximate difference between the solar maximum and solar minimum.
[13] In a large part of the stratosphere, ozone increases when the solar irradiance increases, mainly due to enhanced O 2 photolysis (i.e., the ozone response is positive). In contrast, the ozone response is negative (not shown) in the upper mesosphere due to the increase of HO x produced by intensified H 2 O photolysis. The solar signal in the tropical and subtropical lower stratosphere is large, but in the tropics at 10-30 hPa the solar signal is relatively small. In addition, a dipole horizontal structure is evident over the mid-latitudes in the upper stratosphere (?3 hPa). These characteristics are also found in observational studies (Figure 1a [Stratospheric Processes and their Role in Climate, 1998]). However, the simulated solar signal in the upper stratosphere is smaller than observational signals. For example, the solar signal observed by Chandra and McPeters [1994] at 0.7-2 hPa over ±45°is 5 -7% per cycle, whereas the simulated signal is approximately 2% per cycle. The simulated signal in the upper stratosphere, in spite of being weaker than the observational signal, has higher statistical significance than that in the lower stratosphere (Figure 2 ). It is also evident that the dipole horizontal structure at 3 hPa is statistically significant.
[14] Figure 1c illustrates the zonal mean solar signal of ozone mixing ratio in Exp-II, climatology solar flux run including only meteorological impact, for 22 years. The two experiments, Exp-I and Exp-II, which have completely the same meteorological conditions, are distinctly different above 30 hPa, whereas they are extremely close to each other below 30 hPa down to the lower troposphere. Below 30 hPa, both Exp-I and Exp-II reproduce the analogous structure over ±30°, which is also seen in Figure 1a , but with no statistical significance (Figure 2) . Above 30 hPa, Exp-I ozone shows a uniformly positive response (0.5 -4%) while Exp-II ozone vary positively or negatively (À2 -1% except for polar regions) depending on locations. The difference between Exp-I and Exp-II is 2 -3% in most of the regions in the upper stratosphere (Figure 1d) . Therefore, the direct effect of the 11-year solar cycle through photochemistry for ozone change is 2 -3% in the upper stratosphere.
[15] The solar signal of temperature in the model s shown in Figure 3 . It has to be noticed that this signal is half as weak as what is directly calculated from ERA-40 data (not shown), even though the stratospheric correlation between the two signals is relatively high (= 0.70; if the polar regions are excluded, 0.77), and the difference in the time series of stratospheric temperature between ERA-40 and the simulation is relatively small (global mean error = À2.4K; global root mean square error = 4.2K). The main reason for the weakness of the signal is that the model assimilation uses not temperature but wind alone to avoid the spurious meridional circulation as stated before. Temperature, consequently, is assimilated indirectly through the assimilated wind, resulting in that the solar signal of temperature is not reproduced firmly enough. The weaker solar signal of temperature might weaken the solar signal of ozone in the model, although it is extremely difficult to prove that these two underestimations are quantitatively consistent.
[16] A close inspection of Figure 1c and 3 reveals that the solar signals of ozone and temperature have negative correlations in the upper stratosphere and positive correlations in the lower stratosphere: i.e., the lower (higher) the temperature, the higher the ozone concentration in the upper (lower) stratosphere. In the upper stratosphere, it is chemically reasonable that the correlation between ozone and temperature is negative because a higher temperature accelerates gas-phase chemical reactions that destroy ozone molecules. On the other hand, the correlation is positive in the lower stratosphere, in contradiction with chemical kinetics. This positive correlation indicates that ozone is governed mainly by transport. Figure 3 presents the solar signal of temperature along with that of the mean meridional circulation, illustrating good accordance between these two solar signals. It is thermodynamically reasonable that the temperature signal is negative with ascendant motion, and positive with descendant motion. Generally speaking, Figure 2 . Shaded areas denote statistical significance of Exp-I (Figure 1b) at the 60% (light gray), the 70% (dark gray), and the 80% (black) confidence levels. Contours are the same as Figure 1b . ascendant motion in the lower stratosphere forces the ozone mixing ratio to decrease because of its vertical upgradient. Consequently, a decrease in ozone must coincide with the cooling of air in this region. In the upper stratosphere, however, ascendant motion might lead to an increase in ozone mixing ratio due to its vertical downgradient.
[17] Figure 4a illustrates the vertical profiles of globally averaged correlations of solar signals between ozone and temperature for the two experiments. Below the middle stratosphere (100 -30 hPa) both Exp-I and Exp-II have high positive correlations (more than 0.6) between ozone and temperature as shown before. Indeed, the correlations between the two solar signals of ozone are very large (0.6 -1.0) in the region below 30 hPa including the troposphere (Figure 4b ). This result indicates that the ozone solar signal below the middle stratosphere is not dependent on photochemistry, but rather depends on meteorology (= meteorology-dominance), because Exp-II includes only the solar signal derived from meteorological changes. In contrast, in the upper stratosphere (5 -0.5 hPa) the two experiments substantially differ to each other as manifested in the correlations between ozone and temperature; they are relatively small (0.2 -À0.4) in Exp-I, while they are negative and large (À0.4 -À0.7) in Exp-II (Figure 4a ). The correlations between the two solar signal of ozone also worsen (0.4 -0.6) at these altitudes ( Figure  4b ), where photochemical processes play a dominant role (= photochemistry-dominance), implying that the two experiments contain different solar signals there. Additionally, these large correlations between ozone and temperature in Exp-II imply that the solar signals in the model are not deteriorated crucially in the upper stratosphere despite the weaker solar signal of temperature.
Conclusion
[18] We have performed two experiments, Exp-I and Exp-II, under the same conditions except only the solar flux. Exp-I (transient solar flux run) has confirmed some results of observational studies, and the comparison between Exp-I and Exp-II (climatology solar flux run) has provided new knowledge of the solar effect on the stratosphere. Although the solar signal of temperature in the model is weaker than what is directly calculated from reanalysis data, the correlation of the solar signals of temperature between the reanalysis and the simulation is more than 0.7, and the correlation of the solar signals of Exp-II between the temperature and the ozone is around À0.7 in the upper stratosphere. These large correlations indicatethatthereexistsobviousconsistencyamongreanalysis data, the assimilated meteorological fields, and the simulated ozone.
[19] Although the solar signal of ozone in the upper stratosphere is strongly and directly influenced by photochemistry (2 -3% change per cycle), there is some influence (À2 -1% change per cycle) of meteorological changes. The solar signal in the lower stratosphere is strongly governed by meteorological changes. The transition altitude between meteorology-dominance and photochemistry-dominance is estimated at 30-10 hPa, where the correlation between the ozone solar signal of Exp-I and that of Exp-II deteriorates from 0.8 to 0.4 (Figure 4b ).
[20] The meteorological impact of the 11-year solar cycle on stratospheric ozone is supposed to be explained by two pathways: the chemical kinetic effect caused by temperature change and the transport effect driven by wind change. The kinetic effect rules in the upper stratosphere, where the correlation between ozone and temperature is negative. In contrast, the transport effect plays a major role in the lower stratosphere, where the correlation is positive. When the model is forced by the meteorological changes alone (Exp-II), the correlation between ozone and temperature is clearly divided into two significant regions; definite negative values over 5 -0.3 hPa and definite positive values over 100 -20 hPa (Figure 4a ). This result indicates that meteorological changes influence the solar signal of ozone mainly through the kinetics in the upper stratosphere where photochemistry is dominant. It is needed in the future investigation with CCMs to extract the meteorological (= kinetics + transport) and photochemical impacts separately from the solar signal in ozone. 
